Vitamin B12 deficiency is common in older individuals. Circulating vitamin B12 concentration can be used to diagnose deficiency, but this test has substantial false positive and false negative rates. We conducted genome-wide association studies (GWAS) in which we resolved total serum vitamin B12 into the fractions bound to transcobalamin and haptocorrin: two carrier proteins with very different biological properties. We replicated reported associations between total circulating vitamin B12 concentrations and a common null variant in FUT2. This allele determines the secretor phenotype in which blood group antigens are found in non-blood body fluids. Vitamin B12 bound to haptocorrin (holoHC) remained highly associated with FUT2 rs601338 (p.Trp154Ter). Transcobalamin bound vitamin B12 (holoTC) was not influenced by this variant. HoloTC is the bioactive the form of the vitamin and is taken up by all tissues. In contrast, holoHC is only taken up by the liver. Using holoHC from individuals with known FUT2 genotypes, we demonstrated that FUT2 rs601338 genotype influences the glycosylation of haptocorrin. We then developed an experimental model demonstrating that holoHC is transported into cultured hepatic cells (HepG2) via the asialoglycoprotein receptor (ASGR). Our data challenge current published hypotheses on the influence of genetic variation on this clinically important measure and are consistent with a model in which FUT2 rs601338 influences holoHC by altering haptocorrin glycosylation, whereas B12 bound to non-glycosylated transcobalamin (i.e. holoTC) †
Introduction
Severe deficiencies of vitamin B12 can lead to anemia and neurological symptoms, while more subtle and often asymptomatic deficiencies have been implicated in neural tube defects (1-3), other birth defects (4), cardiovascular diseases (5) , and cancer (6, 7) . Moreover, vitamin B12 deficiency is common among the older, largely due to malabsorption (8) . If left untreated, vitamin B12 deficiency may lead to irreversible neurologic damage and death.
Given the importance of vitamin B12, several groups have carried out genome-wide association studies (GWAS) using serum or plasma vitamin B12 as a quantitative trait (9) (10) (11) (12) (13) . With the exception of a recent study on an older, ischemic stroke population of mixed race/ethnicity (14) , these studies have found an association between circulating vitamin B12 concentration and a common single nucleotide polymorphism (SNP) in fucosyltransferase 2 (FUT2), a gene encoding a 1, 2-fucosyltransferase. This enzyme is involved in the synthesis of ABO(H) blood group antigens on the surface of blood and epithelial cells and is required for the presence of the soluble forms of these antigens in different secretions (15) . The absence of functional FUT2 enzyme leads to so-called 'non-secretor' status in which homozygotes for null FUT2 alleles lack the A, B, and H antigens in saliva and other body fluids. The existence of 'secretor' and 'non-secretor' phenotypes in human populations was known long before its molecular basis was discovered (OMIM þ182100). Significant numbers of individuals homozygous for null alleles of the FUT2 gene are present in all human populations examined and this locus shows evidence of positive selection for several different null alleles (16, 17) .
At least five vitamin B12 genome-wide association studies report that SNPs in FUT2 show the strongest statistical association with circulating vitamin B12 (9) (10) (11) (12) (13) . Two of these studies also report significantly higher circulating vitamin B12 concentrations in homozygotes for the common, non-secretor allele of FUT2 in Caucasians [FUT2 rs601338 (9) ] and Asians [FUT2 rs1047781 (10) ]. However, exactly how a loss of FUT2 function influences vitamin B12 concentration is unknown. Helicobacter pylori (H. pylori) infection has been associated with vitamin B12 deficiency (18, 19) . Some authors have proposed that FUT2 genotype can influence the extent to which H. pylori attaches to gastric mucosa and influences vitamin B12 absorption (20, 21) . In contrast, a subsequent study found that secretor status as determined by FUT2 variation correlates with plasma vitamin B12 concentrations but is independent of H. pylori serotype (22) . It is important to note that all previous studies measured total circulating vitamin B12. This measure does not resolve the proportion of the vitamin bound to its two distinct carrier proteins, transcobalamin and haptocorrin. These proteins carry significantly different quantities of vitamin B12 in blood and different biological properties; transcobalamin II delivers vitamins B12 to all tissues while vitamin B12 carried by haptocorrin is ultimately returned to the lumen of the gut (23, 24) .
Haptocorrin (HC) refers collectively to transcobalamin I (TCI) and transcobalamin III (TCIII), differentially glycosylated isoforms encoded by a single gene (TCN1), while holo-haptocorrin (holoHC) refers to the vitamin B12-bound HC. Although haptocorrin carries approximately 80% of vitamin B12 in blood, these holoHC complexes are not taken up by the cells of the peripheral tissues and persist in the circulation with a half-life measured in days (25) . It is postulated that only the liver cells can endocytose holoHC (26) . Despite intensive studies, the biological role of haptocorrin-bound vitamin B12 is not clear. Humans with very low concentrations of HC have been described and in many cases no clinical phenotypes are attributed to their 'deficiency' of HC (27) . Interestingly, haptocorrin genes have been lost in several evolutionary lineages. It is present in most mammals, but not mouse and rat, and is found in reptiles, but not in birds or amphibians (28) .
The bioavailable pool of vitamin B12 is carried by transcobalamin II (TC), encoded by the TCN2 gene. This pool represents $20% of circulating vitamin B12 and exhibits rapid turnover, exiting the circulation into the tissues (plasma half-life $10 min) (23, 24) . TC bound vitamin B12 enters cells via a specific receptor and is the main source for cellular vitamin B12-dependent reactions. Because the ratio of 'inert' vitamin B12 on holoHC to 'bioavailable' vitamin B12 on holoTC can be 4: 1 or higher, cellular vitamin B12 deficiency may be present even when the total circulating vitamin B12, as currently measured in clinical settings, is within the normal range. This potential masking of reduced concentrations of circulating bioavailable vitamin B12 bound to transcobalamin II may contribute to a delayed diagnosis of true deficiency.
In addition to confirming previously published GWAS of circulating vitamin B12, we also carried out a separate GWAS on vitamin B12 bound to each of its two circulating carrier proteins, i.e., holo-transcobalamin (holoTC) and holo-haptocorrin (holoHC) and we evaluated the influence of the FUT2 rs601338 secretor variant on vitamin B12 bound to each of these carrier proteins in a young, healthy Irish population as well as in an older Irish population. We also tested whether FUT2 rs601338 (p.Trp154Ter) genotype influences glycosylation of haptocorrin by examining the ratios of TCI and TCIII derived from individuals carrying different FUT2 alleles. Lastly, we developed a model system to ask whether FUT2-mediated glycosylation of HC influences holoHC concentration. These studies provide an avenue for understanding the independent observations that the FUT2 rs601338 secretor variant influences circulating vitamin B12.
Results
Common SNPs in the FUT2 gene are associated with serum vitamin B12 concentration in humans
We performed a GWAS in 2232 young, healthy Irish adults by testing for associations between 757 533 genotyped SNPs and log-transformed serum vitamin B12 concentration using standard linear regression. The strongest association (P ¼ 4.31Â10 À22 )
was between a synonymous SNP (rs681343, MAF ¼ 0.4) in the FUT2 gene on chromosome 19 ( Fig. 1 , Table 1 ). This SNP is in nearly perfect linkage disequilibrium (LD; D'¼1, r 2 ¼0.995) with an upstream nonsense variant (p.Trp154Ter, rs601338), a wellknown secretor variant that renders the FUT2 enzyme inactive (15) . Our results are consistent with the rs601338 AA genotype, encoding nonfunctional FUT2 enzyme (p.154Ter) and therefore non-secretor status, being associated with significantly higher serum vitamin B12 concentrations ( Fig. 2A , P ¼ 1.8Â10
À25
). Mean serum vitamin B12 concentrations were 16-18% higher in non-secretors (rs601338 AA) compared with secretors (rs601338 GG or GA, Table 2 ). Previously published GWAS (9, 11, 12) have reported associations between vitamin B12 concentration and several SNPs [rs602662, rs492602, and rs601338 (p.Trp154Ter)] in FUT2. Our most significant association signal (rs681343) and these SNPs are in strong linkage disequilibrium (r 2 >0.9) with rs601338 (p.Trp154Ter) in this sample of the Irish population. Therefore, our GWAS result is consistent with these previous studies, and it appears that the FUT2 p.Trp154Ter secretor variant is the functional variant that most strongly affects circulating vitamin B12 concentration. We also replicated two previously reported secondary associations between vitamin B12 and SNPs in TCN1 and the intrinsic factor-cobalamin receptor, cubilin (CUBN) (10) (11) (12) (13) (14) (Fig. 1, Table 1 ), in this young, healthy Irish population. After the signal in FUT2, TCN1 rs34324219 was the SNP most significantly associated with log-transformed serum vitamin B12 in the current study (P ¼ 9.03Â10 À16 ), as previously observed (12, 14, 29) . This SNP is in To determine whether FUT2 rs601338 (p.Trp154Ter) influences total vitamin B12 concentration via its circulating carrier proteins, we tested whether the FUT2 rs601338 (p.Trp154Ter) genotype influences vitamin B12 bound to haptocorrin or transcobalamin (holoHC or holoTC, respectively; Fig. 2 ). All analyses subsequent to the initial vitamin B12 GWAS employ a recessive ). Although statistically significant, the modest magnitude of the effect on holoTC concentration may not be biologically relevant, prompting further investigation of the influence of FUT2 rs601338 (p.Trp154Ter) on holoHC.
Mean serum holoHC concentrations were higher in nonsecretors (rs601338 AA) compared with secretors of either genotype (18.5% higher compared with rs601338 GG; 21.9% higher compared with rs601338 GA; Table 2 ). FUT2 rs601338 (p.Trp154Ter) also exhibits one of the strongest genome-wide significant associations (P ¼ 7.06Â10 À23 ) in a genome-wide association analysis of log-transformed holoHC in this population (Table 1, Fig. 1C ), providing further evidence of this functional variant's influence on total serum B12 via holoHC. In contrast, the top genome-wide significant association signals for log-transformed holoTC were in CD320, the receptor responsible for cellular uptake of circulating holoTC, and TCN2 itself ( Table 1 , Fig. 1E ). We conclude that FUT2 rs601338 (p.Trp154Ter) exerts its influence on total vitamin B12 primarily through holoHC.
Replication of the association of FUT2 rs601338 (p.Trp154Ter) with vitamin B12 and holoHC in older Irish adults
Replication was performed by testing whether the non-secretor genotype influences vitamin B12, holoTC or holoHC in a cohort of 4941 older Irish adults successfully genotyped for FUT2 rs601338 (p.Trp154Ter, Table 2 ). Again, a test of linear regression assuming a recessive genetic model was performed. The nonsecretor genotype was significantly associated with logtransformed serum vitamin B12 concentration (P ¼ 1.26Â10 À46 ) and holoHC (P ¼ 6.34Â10
À37
) but not holoTC (P ¼ 0.46), similar to the strong effect of the non-secretor genotype on vitamin B12 and holoHC observed in young, healthy Irish adults. In this sample of older adults, mean serum holoHC concentrations were higher in non-secretors (rs601338 AA) compared with secretors of either genotype (29.8% higher compared with rs601338 GG; 23.8% higher compared with rs601338 GA; Table 2 ). In contrast, non-secretors showed very little difference from secretors for mean serum holoTC concentration. We conclude that the FUT2 rs601338 AA non-secretor genotype influences vitamin B12 concentration via changes in the level of circulating holoHC, and not holoTC.
Replication of other genome-wide associations for vitamin B12, holoHC and holoTC in older Irish adults
Independent from the FUT2 rs601338 signal, five genome-wide significant associations (P < 5Â10
À08
, Table 1 ) were observed in young Irish adults, and subsequently tested for replication in the study of older Irish adults (Table 3, Supplementary Material,  Table S5 ). These SNP-metabolite associations were significantly associated and genotype effects on mean metabolites concentration were similar in the primary and replication cohorts (Table 3) . TCN1 rs34324219 is a coding SNP (p.Asp301Tyr), and like FUT2 rs601338 its association with both serum vitamin B12 and holoHC was strongly associated in the replication cohort. Similarly, the associations between CD320 rs2232783, TCN2 rs5749135 and CUBN rs12261966 and holoTC were replicated in this older Irish cohort ( Table 3 ). The signal observed with CD320 rs2232783 is the top genome-wide association with holoTC ( Fig.  1D ). This SNP shares strong linkage disequilibrium with a 3 bp indel (CD320 rs150384171 p.Glu88del) that has been associated with NTD risk (31) and elevated MMA concentrations in newborns (32) . We have previously reported that CD320 rs150384171 has a strong influence on serum vitamin B12 and holoTC (33) , and have confirmed this association in both Irish cohorts ( Table   Table 2 3). We note that CD320 rs2232783 and CD320 rs150384171 share strong LD in the Irish population (D'¼ 0.91; r 2 ¼ 0.44), and the larger effect size observed for the latter (beta ¼ 0.26) supports its being the functional variant driving the association. However, due to its low minor allele frequency (MAF $0.01), the effect of CD320 rs150384171 on holoTC in the population would be limited to <5% of individuals.
FUT2 rs601338 (p.Trp154Ter) correlates with glycosylation status of haptocorrin
Based on the strong, replicated association of FUT2 rs601338 with holoHC, we hypothesized that the expression of functional FUT2 enzyme could influence total circulating vitamin B12 concentration by altering the glycosylation of haptocorrin. This hypothesis was based on the observation that haptocorrin consists of two alternatively glycosylated isoforms. The TCI isoform has more negatively charged sialic acid residues and migrates faster than TCIII by non-denaturing (native) gel electrophoresis (34) . In contrast, TCIII contains more fucose residues than TCI and migrates more slowly by native gel electrophoresis. We took advantage of these differences in electrophoretic mobility to ask if FUT2 rs601338 (p.Trp154Ter) genotype influences the ratio of TCI to TCIII concentration as detected by direct autoradiography of radiolabeled ( 57 Co) vitamin B12 bound to haptocorrin. In blood derived samples, holoTC obscures holoHC when analysing samples by this method (data not shown). Therefore, we screened haptocorrin derived from saliva rather than blood (n ¼ 29; 25 of which were successfully genotyped) since saliva does not contain significant TC (34) . Our results indicate that there is a correlation between the relative ratios of TCI/TCIII and secretor status as determined by FUT2 rs601338 (p.Trp154Ter) genotype (Fig. 3) . In non-secretor individuals that do not express functional FUT2 enzyme (rs601338 AA genotype) the TCI isoform appears to be prevalent (Fig. 3) . In contrast, in the secretor individuals that express functional FUT2 enzyme (rs601338 GG or GA genotypes) it appears that both TCI and TCIII isoforms are present (Fig. 3) .
A functional assay of asialoglycoprotein receptormediated endocytosis of holoHC in HepG2 cells
The association between FUT2 rs601338 (p.Trp154Ter) genotype and holoHC concentration could be driven by changes in the amount of vitamin B12 entering the circulation from the intestines, changes in resorption or catabolism by the kidneys (35) , or by changes in the rates at which holoHC is removed from the bloodstream. Plasma clearance studies suggest that holoHC is removed from the blood by the liver via the asialoglycoprotein receptor (36) . Because we found that FUT2 rs601338 (p.Trp154Ter) genotype appears to influence the glycosylation state of HC, we hypothesized that these differences in glycosylation could be associated with a change in the rate at which HC is bound and internalized by the asialoglycoprotein receptor. To test this, we developed a cell-based functional assay to measure the holoHC uptake via the asialoglycoprotein receptor. Our aim was to produce cells lacking the receptor to compare with cells expressing the native receptor. We created liver hepatocellular carcinoma HepG2 cells expressing two different short hairpin RNAs (shRNAs) targeting ASGR1, one of the subunits of the asialoglycoprotein receptor. Asialoglycoprotein receptor protein was undetectable by immunoblot in HepG2 cells expressing either shRNA targeting ASGR1 (lane 1 or lane 2, Fig. 4A ). We assayed these asialoglycoprotein receptor knock-down cell lines for their ability to import the holoHC complex. HC is abundant in saliva and saliva does not contain transcobalamin (34) . We mixed saliva samples with radiolabeled ( 57 Co) vitamin B12 to obtain holoHC. Regardless of HC donor, HepG2 cells expressing either asialoglycoprotein receptor shRNA (column 1 or column 2) showed significantly reduced uptake compared with HepG2 cells expressing empty vector (Fig. 4B and C) .
FUT2 genotype does not influence holoHC uptake in a cell culture based assay
It was demonstrated in a rabbit model system that human TCIII/ vitamin B12 complex is cleared from the plasma more rapidly than TCI/vitamin B12 complex (26) . Clearance rates are dependent on the asialoglycoprotein receptor in the liver and the amount of sialic acid residues on the vitamin B12 transporters (26) . The hepatic asialoglycoprotein receptor has a low affinity for highly sialated proteins, which would presumably result in decreased clearance of highly sialated HC in FUT2 null individuals. We hypothesized that in secretor individuals expressing enzymatically active FUT2, HC would be fully fucosylated. This posttranslational modification would prevent the attachment of terminal sialic acid residues (26, 37) , facilitating the receptor-mediated endocytosis of holoHC via the asialoglycoprotein receptor in the liver. In contrast, non-secretors lacking functional FUT2 enzyme cannot fucosylate HC, presumably resulting in more heavily sialated holoHC. Such a mechanism could explain the observation of higher amounts of holoHC in the blood of FUT2 null individuals.
To investigate whether FUT2 genotype correlates with holoHC uptake we utilized the HepG2 based functional assay. Based on our hypothesis, we expected that the HC from nonsecretors would show less ASGR-mediated uptake of the holoHC complex than HC from the secretors. We compared the HepG2 cellular uptake of holoHC complex using saliva from individuals that express functional and non-functional FUT2. As shown in Figure 5 , we did not detect differences in the uptake of the holoHC complex by FUT2 rs601338 (p.Trp154Ter) genotype (Fig. 5A) , or by secretor status as assigned by genotype (Fig. 5B) . We also observed that neuraminidase treatment (Fig.  5B) , which removes sialic acid residues from HC, did not reveal any differences in the uptake of HC derived from secretors vs non-secretors. 
Discussion
We carried out a detailed study of how genetic variation influences the concentration of vitamin B12 in blood. In contrast to previous work, we measured vitamin B12 while preserving the original biological context of its association with its circulatory carrier proteins. We provide evidence that the FUT2 secretor status variant correlates with serum holoHC concentration and influences HC glycosylation. A 10-25% increase in circulating total vitamin B12 concentration in non-secretors as determined by FUT2 rs601338 genotype has been shown in multiple studies with two different population-specific null FUT2 alleles ( Table 2 ). This confirms that it is the loss of FUT2 function driving these quantitative differences. Prior hypotheses regarding the mechanism of action have focused on influencing absorption of dietary vitamin B12, either through intrinsic factor or H. pylori infection. It has been demonstrated that SNPs in FUT2 can influence the attachment of H. pylori to the gastric mucosa (20, 21, 38) . This led others to hypothesize that the difference in vitamin B12 concentrations between secretors and non-secretors is via the increased susceptibility secretors have for H. pylori infection (9, 13) . In this model, the secretors would have lower plasma vitamin B12 concentration due to attenuated processing of vitamin B12 in gastric juice and subsequent less efficient extraction/absorption of the vitamin in the terminal segment of the ileum. However, a recent study demonstrated that there is no correlation between secretor status and H. pylori infection, indicating that FUT2 genotype influences vitamin B12 concentration via a different mechanism (22) . In a subsequent study, the same group explored the possibility that FUT2 genotype could affect the glycosylation status of another vitamin B12 transporter, gastric intrinsic factor (GIF) (39) . However, this study was restricted to evaluating a small number of case and control individuals from three unrelated families. Although a potential FUT2 rs601338 genotype effect was observed on gastric intrinsic factor secretion and glycosylation, the GIF phenotypes of the FUT2 rs601338 GA heterozygotes more closely aligned with those of the nonsecretor genotype (AA) than those with the secretor genotype (GG). This does not reflect the recessive mode of FUT2 rs601338 influence observed on serum vitamin B12, in which mean vitamin B12 concentrations are elevated solely in non-secretors (Table 2 ). It remains unclear to what extent FUT2 genotype influences GIF secretion and thereby alters vitamin B12 concentration in the general population. In both models described above, FUT2 genotype would be predicted to alter the pool of vitamin B12 absorbed from the gut. As vitamin B12 transported from the gut binds to transcobalamin in plasma, these models are not consistent with our data, which show that FUT2 genotype influences the concentration of haptocorrin-bound vitamin B12 to a far greater extent than transcobalamin-bound vitamin B12. This is consistent with FUT2 exerting influence via its fucosylation function, as haptocorrin is a glycosylated protein and transcobalamin is not. It also suggests that FUT2 activity impacts the intra-organismal recycling of vitamin B12, not the absorption and assimilation of the vitamin from the diet.
If the mechanism by which fucosyltransferase (FUT2) affects vitamin B12 concentration can be elucidated, it could shed light on why the standard clinical test for vitamin B12 status suffers such significant false positive and false negative rates. Our data provide an important part of the answer: we demonstrated that FUT2 exerts its effect on total vitamin B12 concentration in the blood via one of the vitamin B12 carriers, HC. Non-secretor status as determined by FUT2 rs601338 AA genotype is associated with mean total vitamin B12 concentrations that are 10-20% higher with no expected impact on cellular sufficiency. This was also observed in a candidate variant study assessing prostate cancer risk of vitamin B12-related SNPs, where FUT2 rs492602 was seen to significantly influence holoHC but not holoTC in a control UK population (40) . Our results replicate this finding, and establish that the FUT2 secretor status variant as determined by FUT2 rs601338 genotype is by far the strongest genome-wide association signal influencing holoHC concentration. To investigate the mechanism behind this effect, we hypothesized that as a fucosyltransferase, FUT2 might influence holoHC concentration by altering the post-translation modifications of the heavily glycosylated HC. Indeed, our results are consistent with genotypic secretor status influencing the glycosylation status of HC (Fig. 3) . How this translates into differences in circulating holoHC (and therefore total circulating vitamin B12) remains to be determined. HoloHC uptake by ASGR did not differ based on FUT2 rs601338 genotypic secretor status in our in vitro system. A possible source of noise is misclassification of secretors since we relied solely on the variant identified in our vitamin B12 GWAS to assign secretor or non-secretor status. However, FUT2 rs601338 (p.Trp154Ter) is the only significant secretor variant in populations of European descent (16, 17, 41) . Several important questions remain. Our holoHC uptake assay does not precisely mimic the HC uptake in blood. We used saliva as our source of HC. The glycosylation of HC in saliva can differ from HC in blood (34) . To investigate a genetic association observed in serum samples, the ideal source of HC would be blood, but the interference of circulating TC and availability of TC-free saliva samples led us to begin with this source of HC. Also, we only tested a small number of available samples (n ¼ 25) but ideally this in vitro assay would be carried out on a large scale to confirm that the secretor status as determined by FUT2 rs601338 (p.Trp154Ter) might slightly influence ASGR uptake rates of holoHC. In addition, whether there are other receptors besides ASGR that can bind the holoHC complex remains obscure, as does the biological role of the holoHC complex, which carries the majority ($80%) of vitamin B12 in the circulation. Our model system may not be sensitive enough to detect small differences in hepatic uptake. As holoHC has a very long half-life in plasma, small differences in uptake rates could translate into larger differences in steady state. To fully characterize steady state vitamin B12 in the circulation, it would be of great interest to capture all the players that contribute (e.g., TCI, TCIII, apoHC, holoHC, total HC, apoTC, holoTC, total TC, total vitamin B12) in a significant number of individuals genotyped for FUT2 rs601338. We and others do not find that FUT2 rs601338 influences levels of apoHC, apoTC, or total TC [(39), Supplementary Material, Table S4 ]. Analysis of all involved factors in a single study would allow better modeling of the system dynamics and perhaps reveal how individual factors contribute to the most commonly measured analyte -total circulating vitamin B12. Such a model may still be incomplete. It is also possible that the renal clearance rate for vitamin B12 is influenced by the differential glycosylation of haptocorrin associated with FUT2 alleles, since the heavy glycosylation of HC is likely an important factor in renal handling (35) . Alternately, differential glycosylation of HC could also affect its secretion and ultimate contribution to total circulating vitamin B12. Lastly, it remains unknown whether FUT2 directly fucosylates haptocorrin. Further confirmation of serum holoHC fucosylation and any correlation with FUT2 rs601338 genotype would be best addressed with functional studies and lectin binding assays.
Understanding how FUT2 genotype influences vitamin B12 concentration could directly impact clinical testing. The interpretation of vitamin B12 tests can be difficult for those presenting with low/normal borderline concentration of the vitamin. It is well recognized that measuring circulating vitamin B12 by the current clinical test is inadequate and has both low sensitivity and specificity (42) . Only $20% of circulating vitamin B12 (holoTC) represents the 'active' bioavailable form meaning that the most commonly ordered clinical test for vitamin B12 mainly measures the holoHC, which can mask an existing vitamin B12 deficiency. This has led to the promotion of tests that measure holoTC directly (43) . Recommendations to use additional markers of vitamin B12-dependent enzyme activity such as methylmalonic acid (MMA) and total homocysteine when evaluating or confirming vitamin B12 deficiency are also problematic (44) . For example, homocysteine is also elevated in folate deficiency and renal dysfunction (44) . At this time measuring MMA in clinical samples is expensive and not widely available (45) . To complicate this picture, we recently described a genetic variant that exerts a strong influence on MMA concentration in a vitamin B12 independent fashion (46) . Furthermore, there is no common agreement on the reference ranges of MMA concentration that should be used in the clinic (47, 48) . Based on our findings, it would be interesting to examine if secretor status, as determined by FUT2 genotype or antigen testing of saliva, could increase the sensitivity and specificity of clinical evaluation of vitamin B12 deficiency. Understanding how FUT2 contributes to the normal vitamin B12 biology could lead to the creation of predictive algorithms that enhance the current methods used to evaluate individuals for vitamin B12 deficiency.
Materials and Methods

Study population
The Trinity Student Study (TSS) population has been previously described (46) . Briefly, 2524 participants were enrolled over one academic year (2003) (2004) from the student population attending the University of Dublin, Trinity College (TCD). Analyses were restricted to participants in good health and of Irish ethnicity, as defined as having all four grandparents born in Ireland. Study inclusion required completion of a health and lifestyle questionnaire, and donation of a non-fasting blood sample. There were 2508 participants who met the inclusion criteria and their blood samples were used to extract DNA for genotyping and measure metabolites. Participants gave written informed consent upon enrollment, and all samples were anonymized. Ethical approval of the study was granted by the Dublin Federated Hospitals Research Ethics Committee and the Office of Human Subjects Research at the National Institutes of Health.
Metabolite measurements
Blood samples were collected into EDTA and clotting tubes. Samples were processed within 3 h and stored at À 80 C until analysed. Serum vitamin B12 from clotting tubes was measured by microbiological assay using colistin-resistant L. delbreukii as described (49) . The inter-assay coefficient of variability (CV) was 10.6%. Serum holoTC was measured with an immunofluorescence method as quantitated on an Abbott AxSym (50,51) with an inter-assay CV of 9.4%. Total TC was measured by subsequent saturation of these samples and requantitation. ApoTC was calculated as the difference between total TC and holoTC in individuals with both measures. HoloHC was calculated as the difference between serum vitamin B12 and serum holoTC in individuals with both measures.
DNA extraction and genotyping
Qiagen QIAamp DNA Blood Mini Kits were used to extract genomic DNA from all samples. Eighteen samples were excluded based on low quantity, and the remaining 2490 samples were genotyped at the Center for Inherited Disease Research (CIDR, Baltimore, MD) using Illumina 1 M Human Omni1-Quad_v1-0_B chips. High quality genotypes were returned for 2438 samples, 14 blind duplicates and HapMap controls. Concordance rates were 99.997% for the blind duplicates and 99.71% for the HapMap controls.
Genotyping quality control and data preparation for GWAS
Further sample exclusion was based on the following criteria. Ten participants were excluded based on sex discrepancies between self-report and genotypes or abnormal sex chromosomes. Sixteen subjects missing anthropometric data were excluded. Family relatedness was another basis for exclusion. Sibling relationships were self-reported, accounting for participation of two siblings from 74 families and three siblings from three families. These relationships were confirmed using pairwise tests for relatedness and population stratification. PLINK (52) was used to analyse a test set of 25 718 SNPs that are common (MAF > 0.1), high quality (genotype call rates > 0.99) and essentially independent [all SNP pairs have very low linkage disequilibrium (r 2 < 0.04)]. In addition to the known sibships, these analyses revealed other individuals that appeared to be related at the level of first cousins. A total of 175 individuals were excluded for reported or detected relatedness while maintaining inclusion of one individual from each participating family. Lastly, the same test set of SNPs were used to evaluate potential population stratification. Principal components analysis performed using EIGENSOFT 3.0 (53) did not detect any population stratification, although two individuals were further excluded as outliers (6 standard deviations from the mean) leaving 2235 samples. Within the group of 2235 samples an additional sample was removed for a low call rate compared with the remaining samples and two additional samples were removed for being phenotype outliers. After completion of sample exclusions, 2232 study samples were retained for analysis in the GWAS. Quality control assessment was also performed on the set of 1 008 829 SNPs. In the first stage, SNPs with genotyping call rates < 95% were dropped. Remaining samples with < 97% call rates or cryptic relatedness (see above) were dropped (57 samples total). In the second stage, SNPs were dropped based on the following criteria: a) call rate < 98%; b) Mendelian errors using HapMap trios; c) discordant markers using HapMap controls, and; d) discordant markers detected in any study duplicate pair. SNPs deviating from Hardy-Weinberg equilibrium (HWE, P < 1Â10
À4
) were flagged for future reference and retained for analysis (n ¼ 3512).
LD was measured in the entire dataset, and LD plots were reviewed using Haploview (54) . Multiple methods to examine batch effects were employed, and no significant effects were detected. These methods included descriptive statistics per batch (average MAF, average genotyping call rate across all SNPs for each plate) and association test results comparing each batch to the others (average P-value, number of significant results at a particular threshold). After excluding monomorphic and low MAF (MAF < 0.01) SNPs, the final dataset for association testing consisted of 757 533 genotyped SNPs for 2232 samples. 
SNP imputation
A set of 757 533 autosomal SNPs was used to impute nongenotyped SNPs in MaCH 1.0 (55), using the HapMap II reference panel (56) . Imputed SNPs were only retained for analysis if the squared correlations between imputed and actual genotypes for a set of masked genotypes (R 2 ) was greater than 0. 
GWAS statistical analysis
GWAS was performed for three quantitative traits: serum vitamin B12, holoTC, and holoHC. Serum vitamin B12 and holoTC were directly measured, and holoHC was calculated as their difference. In the final dataset, serum vitamin B12 measurements were available for 2230 of the 2232 samples, holoTC measurements were available for 2219 of the 2232 samples, and holoHC measures were calculated for the 2219 samples that had both serum vitamin B12 and holoTC measurements. Standard descriptive statistics were performed on each of the three metabolite datasets both with and without transformation. The distributions of these measurements deviated significantly from a normal distribution and so log transformation was used to normalize each metabolite's dataset. Each GWAS was performed using genotyped autosomal SNPs to test for association using the log-transformed metabolite datasets while adjusting for age and sex (see Results and Supplementary Material, Tables  S1-S3 ). For comparison, each GWAS was also performed using the untransformed metabolite datasets (Supplementary Material, Fig. S1 ). Lastly, each GWAS was performed using the set of genotyped plus imputed autosomal SNPs to test for association using both log transformed and the untransformed metabolite datasets (Supplementary Material, Figs S2 and S3).
In the simple linear regression model, each marker was tested for association using an additive genetic model (i.e. number of minor alleles, 0, 1, and 2) using PLINK v2. The genomic control (k) values for the log-transformed and untransformed datasets for each of the three metabolites do not show evidence of inflation of test statistics (Supplementary Material, Table S5 ). Each SNP's contributed variation to a metabolic trait was calculated by regression R-squared (R 2 ). R scripts written within our institution were used to generate Manhattan plots and Q-Q plots. Additionally, Q-Q plots were generated without the markers on chromosomes 11 (TCN1 signal) and 19 (FUT2 signal) so that the distribution of GWAS p-values obtained for logtransformed measures of serum vitamin B12 and holoHC could be inspected in the absence of these highly significant associations, and similarly Q-Q plots for log-transformed measures of holoTC were generated without the markers on chromosome 10 (CUBN signal), chromosome 19 (CD320 signal), and chromosome 22 (TCN2 signal; see Supplementary Material, Fig. S4 ).
Replication association analyses
The Trinity, Ulster, Department of Agriculture (TUDA) Study has been previously described (46, 57 LGC Genomics using KASP genotyping chemistry with a success rate of 96% (4941/5142). Duplicate samples (2%) were also typed with a concordance of >99%. Serum vitamin B12 and serum holoTC were measured in the TSS cohort as described above, with holoHC calculated as their difference.
The non-secretor genotype (homozygous FUT2 rs601338 p.154Ter) was tested for association with log-transformed unadjusted serum vitamin B12, holoTC and holoHC values in the young adult and older adult Irish cohorts. These association tests were performed with PLINK v.2 by simple linear regression using a recessive genetic model.
Cell lines
HepG2 cells were grown in DMEM media supplemented with 10% FBS.
Autoradiographic analysis
Twenty-nine human saliva samples [kind gift of Drs. Gonzalez and Sanz (58)] were analysed for glycosylation states of HC. These anonymized saliva samples were incubated with 57 Co-B12 tracer stock (MP Biomedicals) for 1 h at 37 C, followed by addition of native polyacrylamide gel electrophoresis (PAGE) sample buffer (Life Technologies). Native PAGE was performed using Novex 4-20% Tris-glycine mini gels with Tris-glycine running buffer (Life Technologies). Autoradiographic films were exposed to the dried gels for approximately 6 days before development.
Western blot analyses
Native PAGE was performed as above to detect salivary HC. Denaturing PAGE was used to detect ASGR1 in HepG2 extracts. Briefly, the samples were mixed with NuPAGE LDS sample buffer and reducing agent (Life Technologies), boiled and run on a Nupage 4-12% Bis-Tris gradient gel using NuPAGE MOPS SDS Running buffer (Life Technologies). Gels were transferred onto a nitrocellulose membrane (0.45 lM pore size) using iBlot (Life Technologies). Membranes were incubated in blocking solution at room temperature, then incubated at room temperature for 1-2 h or overnight at 4 C with a primary antibody against ASGR1 [anti-ASGR1 rabbit polyclonal antibody (11739-1-AP), Proteintech group, 1: 1000]. Immunoblotting was performed using a WesternBreeze Chemiluminescent Kit (anti-mouse or anti-rabbit, Invitrogen) per the manufacturer's instructions. To detect beta-tubulin, membranes were incubated in 5% milk in TBS buffer with 0.1% Tween (TBS-T). After washing, the membranes were incubated with primary antibody against betatubulin [anti-beta tubulin (ab21058), Abcam, 1: 1000] in a TBS-T/ 0.5% milk solution. After the final washes the membranes were incubated with ECL Prime Western Blotting Detection Reagent (GE Healthcare Amersham) per the manufacturer's instructions.
DNA isolation and FUT2 rs601338 genotyping of saliva samples
DNA from saliva was isolated as previously described (59) with minor modifications. In brief, 10 ml saliva sample and 50 ml Chelex100 reagent (Biorad) were incubated for 30 min at 56 C, followed by 8 min of incubation at 100 C. The preparation was spun down for 5 min at 10 000 g, and supernatant was used for PCR reactions as previously described (60) to sequence the whole coding exon (exon 2) of the FUT2 gene. The PCR products were subjected to Sanger sequencing and analysed with SeqMan Pro (DNASTAR, Inc.).
DNA constructs and generation of stable cell lines pLKO.1 lentiviral vectors expressing shRNAs targeting ASGR1 (TRCN0000061480 and TRCN0000061482) were obtained from Thermo Scientific. Lentiviral particles were generated by transfecting a 293 T cell line with pLKO.1 construct (shRNA or empty vector), pVSV-G, and pCMV-HRdel8.2 using Lipofectamin reagent (Invitrogen). Virus-containing medium was filtered and stored at À 80 C. Subsequently, HepG2 cells were infected in the presence of 8ug/ml polybrene (Sigma). Stable pools were selected with puromycin.
Vitamin B12 uptake assay
Human saliva was used as a source of HC. Saliva was incubated with 57 Co-B12 tracer stock (MP Biomedicals) and PBS buffer for 1 h at room temperature. The unbound 57 Co-B12 was filtered through Microcon column-30 (Millipore). The HC/ 57 Co-B12 complex was added to the serum free media and incubated with hepatocellular carcinoma cell line HepG2 for 3 h at 37 C.
Following the removal of the medium and washing, cells were lysed in RIPA buffer [10 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA pH 8, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, and protease inhibitor cocktail (Sigma)]. The radioactivity of the RIPA lysed fraction was used to measure the cellular uptake of HC/ 57 Co-B12 complex. The percentage of uptake was defined as the total number of counts found in cells compared with the total number counts placed in the incubation media.
Supplementary Material
Supplementary Material is available at HMG online.
